AbStr ACt. The exchange of CO 2 and other gases across the ocean-air interface is an extremely important component in global climate dynamics, photosynthesis and respiration, and the absorption of anthropogenically produced CO 2 . The many different mechanisms and properties that control the air-sea flux of CO 2 can have large spatial and temporal variability, particularly in the coastal environment. The need for making short-time-scale and small-spatial-scale estimates of gas transfer velocity, along with the physical and chemical parameters that affect it, provided a framework for the field experiments of the Coastal Ocean Processes Program (CoOP) Coastal Air-Sea Chemical Exchange (CASCEX) program. As such, the CASCEX project provided an opportunity to develop some of the first in situ techniques to estimate gas fluxes using micrometeorological and thermal imagery techniques. The results reported from the CASCEX experiments represent the first step toward reconciling the indirect but widely accepted estimates of gas exchange with these more direct, higher-resolution estimates over the coastal ocean. These results and the advances in sensor technology initiated during the CASCEX project have opened up even larger regions of the global ocean to investigation of gas exchange and its role in climate change.
Investigations of
Air-Sea gas Exchange 
S P E C I A L I S S U E O N C O A S tA L O C E A N P r O C E S S E S t U r b U L E N C E , t r A N S f E r , A N d E x C h A N g E gAS ExChANgE IN COAStAL ENVIrONmENtS
The exchange of CO 2 and other gases across the ocean-air interface is an extremely important component in global climate dynamics, photosynthesis and respiration, and the absorption of anthropogenically produced CO 2 . The many different mechanisms and properties that control the air-sea flux of CO 2 can have large spatial and temporal variability, particularly in the coastal environment.
For example, the surface concentration of CO 2 can vary with temperature, salinity, bubble entrainment, physical mixing, and biological productivity. Also, gas transfer rates can vary with sea state and surface chemical enhancement.
Laboratory experiments (e.g., Liss and Merlivat, 1986) show that gas exchange can be reasonably modeled using
where F G is the gas flux, K G is the gas transfer velocity, G w and G a are the gas concentrations in bulk seawater and in the air, and H is the appropriate Henry's law solubility constant (McGillis et al., 2000; Hintsa et al., 2004) . This approach is closely related to the bulk flux method (e.g., Fairall et al., 1996 Fairall et al., , 2003 Hare et al., 2004) in which, K G = C G U r where C G is a dimensionless transfer coefficient for gas exchange and U r is the wind speed relative to water. Therefore, we would expect K G to vary at least linearly with wind speed. Studies also show that K G varies with oceanic and atmospheric stability, sea state, Schmidt number (a gas-dependent function of temperature and salinity), and a host of surface processes (e.g., Liss, 1983; Liss and Merlivat, 1986; Liss et al., 1988; Brutsaert and Jirka,1984; Wilhelms and Gulliver, 1991; Jähne and Monahan, 1995; Donelan et al., 2002; McGillis et al., 2004a; Borges and Wanninkhof, 2007; Garbe et al., 2007) .
In 1994, the Coastal Ocean Processes (CoOP)
Program supported a study to examine the exchange of CO 2 and other climate-and weather-relevant compounds (CWRC) in the coastal ocean. The study was in recognition of the growing concern for the impact of greenhouse and other gases on climate and of the key role the coastal ocean may play in processing these gases. Therefore, CoOP initiated the Coastal Air-Sea Chemical Exchange (CASCEX) project, which involved field experiments off the US west coast at Monterey, California, and off the east coast in the Mid-Atlantic Bight. The project concentrated on investigations to improve our ability to estimate CWRC fluxes in coastal regions.
In particular, the project provided an opportunity to develop some of the first in situ sensors to estimate the fluxes on shorter temporal and spatial scales using micrometeorological and thermal imagery techniques. Improvement of these techniques was critical to investigating the processes governing gas exchange in the coastal environment where biogeochemical and physical processes act on shorter time scales
than in the open ocean. Specifically, although the coastal ocean's role in the uptake of anthropogenic CO 2 is widely debated (Borges, 2005) , its importance in processing the carbon from terrestrial sources (e.g., through rivers, runoff, and groundwater) and exporting carbon to the open ocean has been well established (Ducklow and McCallister, 2004) .
Additionally, there was a need in the gas-exchange community to either reconcile or explain the significant differences found between the micrometeorological and indirect, but better established, estimates of gas transfer velocities. Prior to the CoOP experiments, determining the rate at which CO 2 was exchanged between the ocean and atmosphere was a very controversial subject. Specifically, indirect methods such as the radiocarbon, radon, and radioisotopic methods give long, timeaveraged transfer velocities ranging from 12-24 cm hr -1 (Peng et al., 1979; Broecker and Peng, 1982; Jähne, 1985; Broecker et al., 1986) . Although a few estimates over the Great Lakes by Donelan and Drennan (1995) were more in line with these estimates, most previous estimates of transfer velocity using direct covariance (eddy correlation) flux estimates were orders of magnitude larger (e.g., Jones and Smith, 1977; Wesely et al., 1982; Smith and Jones, 1985) . Although physical processes may have been responsible for some of this discrepancy, Broecker et al. (1986) provided compelling evidence that Sampler). Figure 1 shows LADAS being deployed from R/V Oceanus.
The ship-based systems included a high-resolution infrared imaging system capable of estimating the air-sea gas exchange, and a direct covariance flux system (DCFS) .
Vertical profiles of DMS were measured from both the ship and LADAS to provide additional estimates of the gas flux using the profile method and a newly developed micro-gas chromatograph (micro-GC) (Dacey et al., 1999; McGillis et al., 2001a) . The catamaran carried systems to quantify the surface wave characteristics using a scanning laser slope gauge and a wave-wire array (Hara et al., 1998) , and an additional meteorological package to quantify the near-surface atmospheric turbulence. A fluorometry package measured microlayer enrichments of colored dissolved organic matter (CDOM) (Frew et al., 2004) . where the signal-to-noise ratio for CO 2 sensors is high. Infrared gas analyzers (IRGA) are commonly used to measure CO 2 concentration by absorbance (Edson, 2001) . The direct covariance method correlates the gas concentration with the vertical velocity typically measured using sonic anemometers to provide a direct estimate of the flux:
where the overbar represents a time average, and w' and G' are the fluctuating components of the vertical velocity and gas of interest, respectively. The profile method assumes that the gradient is directly proportional to the flux:
where z is the height above the surface and K M is the variable of proportionality known as the eddy diffusivity for mass.
The eddy diffusivity is typically determined using parameterizations that rely on Monin-Obukhov similarity theory (e.g., Edson et al., 2004) .
Another important consideration in accurately measuring these fluxes concerns the nature of the gas measurement itself. For example, if the gas sensor measures the mixing ratio, r G (mass of gas per mass of dry air), then the fluctuating component is simply G' = a r G ', where a is the mean density of dry air. However, many gas analyzers measure the density of the gas, G , in mass or moles of gas per volume of moist air. When the density is used to estimate the flux, Webb et al. (1980) showed that the flux must be cor- 
where w is commonly estimated using the approach of Webb et al. (1980) A correction of this sort is required for all forms of micrometeorological methods, for example, the direct covariance, profile, and bulk methods (see Webb et al., 1980; Fairall et al., 1996) . Although this term often represents a negligible correction for water vapor fluxes, it is often a significant correction for 
OCEANIC APPLICAtIONS
Application of these techniques to measure CO 2 flux over the ocean is a challenge due to the low signal levels in the marine atmosphere (i.e., very small r C fluctuations). The small signal is a direct consequence of CO 2 being in near equilibrium because of its long lifetime in the atmosphere and because it is a waterside-controlled gas (Liss and Slater, 1974; McGillis et al., 2000) . The result is very small gradients in the atmospheric surface layer, even in regions of large ∆pCO 2 . We have attempted to illustrate the small signals in Figure 3 by plotting a representative profile of CO 2 (e.g., see . The CO 2 profile is representative of a sink region with a bulk air-sea concentration difference of 100 ppm (i.e., the waterside bulk concentration is approximately 278 ppm). The dmS profile is representative of the typical oceanic source of dmS found over the ocean. The CO 2 signal is negatively correlated with the vertical velocity signal while dmS is positively correlated, indicating the expected downward and upward fluxes, respectively. The dmS flux is uniformly positive over the world's ocean. The downward CO 2 flux shown here is most commonly found at high latitudes, while upward fluxes are expected over the source regions commonly found at lower latitudes. The fluctuations are plotted after normalization by their respective mean concentrations at a height of 10 m. The figure clearly shows how small the CO 2 fluctuations are relative to the mean concentrations, while the dmS fluctuations are orders of magnitude larger compared to their means. On the other hand, the mean concentrations for dmS are orders of magnitude smaller than CO 2 as indicated by the profiles.
results and a range of wind speed-gas exchange parameterizations.
Later experiments simply collected the gas in Tedlar bags, which allowed the investigators to store the DMS without loss for extended periods until it could be concentrated and analyzed in a more controlled laboratory setting (Zemmelink et al., 2002) 
where
is the standard deviation of the vertical velocity,
the concentrations in the updrafts and downdrafts, respectively, and can continuously measure DMS concentration at high flow rates to estimate the flux using the direct covariance method (Bandy et al., 2002; Huebert et al., 2004; Marandino et al., 2007) . The successful implementation of the direct covariance technique for DMS opens up a much larger portion of the global ocean to investigation of gas exchange due to its larger signal.
OCEANOgr APhIC SENSOrS ANd tEChNIQUES
Waterside measurements provide the concentration difference required to compute the gas transfer velocity when combined with any of the above figure 4 . The LAdAS platform just before it is lowered into the ocean, showing airside and waterside instrumentation, including, again, the four dmS samplers and two sonic anemometers. The microlayer sampler is visible as two small pontoons cascaded between the larger pontoons. The white canister above and yellow torpedo-shaped device below make up the scanning laser slope gauge. Also visible but less distinct are components of the wave-wire and subsurface-AdV arrays.
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GasEx CO 2 direct covariance GasEx SF 6 -3 He dual tracer GasEx CO 2 profile technique GasEx DMS profile technique Liss and Merlivat (1986) Wanninkhof ( There is considerable interest in quantifying the air-sea exchange of CO 2 in coastal ecosystems. As repositories of terrestrial organic carbon that cannot be accounted for in sediment deposits, early researchers presumed that coastal waters were regions of significant CO 2 efflux to the atmosphere. however, recent global syntheses of direct estimates of CO 2 air-sea fluxes on continental shelves generally suggest that shelf waters are net sinks for atmospheric CO 2 globally (Cai et al., 2006; , removing roughly 0.3 Pg C a -1
, while nearshore and estuarine waters are generally a net source.
The exclusive focus on air-water exchange, however, overlooks the potential contribution from intertidal plants, such as salt marsh grasses and mangrove trees, which remove CO 2 directly from the atmosphere and release a significant portion directly to coastal waters through 
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Although great uncertainty in the net flux estimate remains, there are no conflicting observations. taken at face value, this preliminary estimate of intertidal plant CO 2 transfer is larger than net coastal air-water exchange (sum of estuarine, nearshore, and continental shelf exchange) and of similar magnitude as preindustrial global ocean evasion (0.6 Pg a -1
; Sarmiento and gruber, 2002) . furthermore, it is important to note that the intertidal plant transfer is a unidirectional "pump" and not an exchange process. It is likely to be relatively insensitive to increasing atmospheric CO 2 concentrations but may be altered through other impacts such as coastal development and sea level rise. It is clear that net air-ocean CO 2 transfer in coastal ecosystems cannot be quantitatively determined solely by assessing air-water exchange but that future studies must adopt a more holistic approach that includes assessing other transfer pathways, such as the intertidal plant pump and groundwater discharge. 
SUmmAry
The CoOP-sponsored CASCEX project produced a number of important scientific findings on many of the processes that control gas exchange, for example, the role of gravity-capillary waves (Hara et al., 1998) , surface renewal (Garbe et al., 2004) , surfactants (Frew et al., 2004) , and atmospheric forcing ) on their transfer. The CASCEX project is also notable for the technological advances in gas exchange sensors and techniques that were devel- 
